We consider the models of vacuum energy interacting with cold dark matter in this study, in which the coupling can change sigh during the cosmological evolution. We parameterize the running coupling b by the form b(a) = b0a + be(1 − a), where at the early-time the coupling is given by a constant be and today the coupling is described by another constant b0. We explore six specific models with
I. INTRODUCTION
Through great efforts of several decades by the whole community of cosmology, the basic framework of a standard cosmological model has been established, for which the most important feature is that the model involves dark energy, dark matter, and inflation, but by far we still do not clearly know the physical nature of dark energy and dark matter, as well as the physical details of inflationary process. A prototype of the standard cosmological model is the so-called Λ cold dark matter (ΛCDM) model, in which dark energy is described by a cosmological constant Λ, dark matter is cold (i.e., non-relativistic particles), and inflation yields adiabatic, Gaussian, nearly scale-invariant primordial density perturbations and possibly detectable primordial gravitational waves. The Planck satellite mission released the unprecedentedly accurate data of cosmic microwave background (CMB) temperature and polarization power spectra, in combination with other astrophysical observations, strongly favoring a 6-parameter base ΛCDM model [1] . But, it is hard to believe that the base ΛCDM model with only 6 primary parameters is the final model of cosmology. It is necessary to extend the base ΛCDM model in several aspects, but the current observational data are not sufficiently accurate to provide compelling evidence for these possible extensions.
For dark energy, though the cosmological constant Λ can provide a simple, nice explanation, it always suffers from the severe theoretical challenges, such as the fine-tuning and coincidence problems [2] [3] [4] [5] [6] [7] [8] [9] [10] . To extend the ΛCDM cosmology on this aspect, there are two possibilities, i.e., dynamical dark energy and modified gravity (MG) theories (see Ref. [11] for a recent review). If the Einstein's general relativity (GR) is valid on all the scales of the universe, then Λ can be extended to some dynamical dark energy with the equation-of-state parameter (EoS) w not exactly equal to −1 but dynamically evolutionary. A typical example of this kind is provided by a spatially homogenous, slowly-rolling scalar field, called quintessence. A dynamical dark energy, compared to the cosmological constant, can yield a different expansion history of the universe, but yield a similar growth history of structure. On the other hand, the possibility of GR breaking down on the cosmological scales exists, and actually some models of MG can indeed produce an "effective dark energy" to explain the accelerated expansion of the universe. In general, the MG models can yield a similar expansion history but yield a quite different growth history, compared to the ΛCDM cosmology, in particular, the predicted linear growth of structure in the MG models is usually scale-dependent, fairly different from the prediction in GR. In some sense, the MG theory can be viewed as a model of some scalar field interacting with other components including dark matter, baryons, neutrinos, and photons, through mediating some scalar degrees of freedom, also known as "the fifth force". Differentiating the cases of dark energy and MG becomes nowadays one of the most important missions in the research area of cosmic acceleration.
However, it must be pointed out that actually there is also another important theoretical possibility that dark energy directly interacts with dark matter (see also Ref. [65] for a recent review). That is to say, perhaps the fifth force only exists between dark energy and dark matter, and the normal baryons and radiation cannot perceive the fifth force. This possibility is tantalizing, not only because the interacting dark energy models can provide a scheme for solving (or alleviating) the cosmic coincidence problem theoretically through the attractor solution, but also because the possibility of dark energy interacting with dark matter itself indeed needs rigorous observational tests. In the MG models, the baryon matter can also perceive the fifth force, which leads to strong constraints from small scales such as the solar system, and thus the screening (or chameleon) mechanism is necessary for this kind of models. In particular, in the MG models, the linear matter perturbations are dependent on scales or environments. But in the interacting dark energy models, since the baryon matter does not perceive the fifth force, the screening mechanism is not needed.
Using the observational data to test the interacting dark energy scenario is an important mission. Difficulties in this area lie in the following aspects: (i) Owing to the lack of the theoretical knowledge of microscopic origin of such an interaction, one has to first phenomenologically propose a specific interacting dark energy model and then tests its theoretical and observational consequences. Thus, the studies are more or less model-dependent. (ii) When investigating the matter perturbations in the interacting dark energy scenario, the problem of perturbation divergence on super-horizon scales at early times was found [53] . Fortunately, a parameterized post-Friedmann framework for interacting dark energy [54] [55] [56] [57] [58] has been established, which can be used to successfully solve the problem of perturbation divergence in the interacting dark energy scenario. But this issue shows that we are indeed ignorant of the nature of dark energy, in particular, we do not know at all how the acoustic waves propagate in the dark energy fluid. (iii) The observational features are not very distinct for the interacting dark energy scenario. The interaction between dark energy and dark matter directly changes the expansion history of the universe (due to the combination of the Friedmann equation with the modified continuity equations of dark energy and dark matter), and thus the growth of structure is also changed, but the change is not remarkable. The reason is that the change of growth originates from the change of expansion history in the interacting dark energy scenario, which leads to the fact that the growth of structure in this scenario is still scale-independent (for the linear regime). This is different from the MG theory in which the growth of structure is scale-dependent.
Under such circumstances, probing the interaction between dark energy and dark matter with observations is very difficult, but it is fairly meaningful. To investigate the interacting dark energy scenario, one starts from the continuity equations for dark sectors by assuming an energy transfer between them,
where ρ de and ρ c are the energy densities of dark energy and cold dark matter, respectively, H =ȧ/a is the Hubble parameter, with a the scale factor of the universe and the dot the derivative with respect to the cosmic time t, w = p de /ρ de is the EoS of dark energy, and Q is the energy (density) transfer rate between dark sectors. By our convention, Q > 0 means that the energy transfer is from dark matter to dark energy, and Q < 0 means that the energy transfer is from dark energy to dark matter. This convention is in accordance with our recent a series of works on the interacting dark energy scenario [54] [55] [56] [57] [58] .
Since we do not theoretically understand the microscopic origin of such an interaction, we have to study this issue from a phenomenological perspective. Usually, the phenomenological form of Q is designed to be proportional to the density of dark sectors, i.e., Q ∝ ρ, where the assumptions of ρ = ρ de , ρ = ρ c , and ρ = ρ de + ρ c are most widely accepted. Such a design is made by consulting the models of reheating, of dark matter decaying into radiation, and of curvaton decay, in which the energy density transfer rate (namely the interaction term Q) has the form proportional to the density of one species. Of course, there are also some more exotic, complex forms, [61, 62] , etc. One often considers two classes of models, i.e., Q = bHρ and Q = bH 0 ρ, where b is a dimensionless coupling parameter. The former includes a Hubble parameter, which is mathematically simpler for related calculations and thus much more popular in this area, and the latter excludes the Hubble parameter in its expression (the inclusion of the Hubble constant H 0 is for a dimensional reason), for which an argument is that the local interaction event should not be relevant to the global expansion of the universe. Both classes of forms have been extensively studied.
In fact, one can be aware that in the research area of interacting dark energy the models are significantly dependent on the man-made choice of the special interaction forms. Namely, the theoretical predictions and observational consequences of such a scenario are modeldependent. Actually, an important possibility that the interaction changes sign (i.e., the energy transfer direction changes) during the cosmological evolution exists; but the above-mentioned phenomenological models cannot describe this situation.
In Ref. [63] , Cai and Su first investigated the case of sign-changeable interaction. They did not choose a special phenomenological form of interaction, but adopted a piecewise scheme in which the whole redshift range is divided into a few bins and the coupling δ(z) (in their model Q = 3Hδ) is set to be a constant in each bin. They found that δ(z) is likely to cross the noninteracting line (δ = 0) according to the result of fitting to the observational data at that time. But the limitation of the work is that the sign-change behavior is based on the best-fit δ(z) and thus is not conclusive, because the errors of the fit results weaken the conclusion to a great degree. For a piecewise parametrization approach, the observational data in the current stage are hard to determine more than two parameters. For this reason, two authors of this paper (Li and Zhang) [64] subsequently investigated this issue in a different approach. See Refs. [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] for other works on the models of sign-changeable interaction.
In Ref. [64] , Li and Zhang proposed a parametrization form for the interaction term, Q(a) = 3b(a)H 0 ρ 0 , where b(a) is a dimensionless coupling that is variable during the cosmological evolution (a is the scale factor of the universe), H 0 is the Hubble constant, and ρ 0 = ρ de0 + ρ c0 is the present-day density of dark sectors. It should be pointed out that here the occurrence of H 0 and ρ 0 is only for a dimensional reason. Since the evolution of the interaction term Q is completely described by the running of the coupling b, this is called the "running coupling" scenario in Ref. [64] . Furthermore, Li and Zhang [64] proposed a parametrization form for the coupling,
where b 0 and b e are two dimensionless parameters. It can be seen that the coupling b is described by b 0 at the late times and determined by b e at the early times. So the entire evolution of b(a) is totally characterized by the two parameters, b 0 and b e , and Eq. (3) continuously connects the early-time and late-time behaviors. It was shown in Ref. [64] that the observational data at that time, including the CMB data from WMAP 7-year observation, the type Ia supernova (SNIa) data from Union2, the baryon acoustic oscillation (BAO) data from SDSS DR7, the Hubble expansion rate data, and the X-ray gas mass fraction data from Chandra measurement, favor a time-varying vacuum scenario at about the 1σ level, in which the coupling b(z) crosses the non-interacting line (b = 0) at around z = 0.2 ∼ 0.3 during the cosmological evolution.
In this paper, we wish to further explore the signchangeable interacting dark energy scenario by using the latest observational data. In the current situation, the Planck CMB data as well as numerous more accurate astrophysical data were released, and thus we would like to examine whether or not the conclusion of Ref. [64] still holds. Moreover, in order to get more convincing and conclusive evidence, we wish to examine more forms of Q. Thus, in this work, we use the latest cosmological observations (including the Planck 2015 observation) to explore the sign-changeable models of interacting dark energy.
II. MODELS
In a spatially flat Friedmann-Roberston-Walker universe, the Friedmann equation reads
where ρ c , ρ b , ρ r , and ρ de are the energy densities of cold dark matter, baryon, radiation, and dark energy, respectively. As usual, we introduce the fractional energy densities,
with 3M
2 pl H 2 defined as the critical density of the universe. So, we have
If there exists some direct, non-gravitational interaction between dark energy (DE) and dark matter (DM), neither of them will evolve independently, and thus the continuity equations of them are given by Eqs. (1) and (2). And, the energy conservation equations for the baryon and radiation components are usual, i.e.,ρ b + 3Hρ b = 0 andρ r + 4Hρ r = 0. In this work, we consider the following six cases of the interaction term Q:
Note that Eq. (6) is just the one that considered in Ref. [64] . Here ρ 0 = ρ c0 + ρ de0 in Eqs. In this work, for dark energy, we only consider the vacuum energy with w = −1. This is because we only wish to extend the base ΛCDM model in a minimal way. In this way, we can simply discuss the effects of interaction between DE and DM, but exclude the degeneracy with dynamical dark energy parameters. The models of vacuum energy interacting with cold dark matter investigated in this paper are abbreviated as "IΛCDM" models. This does not mean that the vacuum energy density maintains as a constant in space and time; actually, in this case, the vacuum energy density ρ v is now a dynamical quantity becauseρ v = Q [see Eq. (1), with w = −1]. Now, the vacuum energy density is not truly equivalent to the cosmological constant Λ any more, although w = −1 still holds. One should keep in mind that "IΛCDM" is only an abbreviation.
For convenience, in the following, the IΛCDM models with the interaction term Q(a) described by Eqs. (6)- (11) are denoted as IΛCDM1, IΛCDM2, IΛCDM3, IΛCDM4, IΛCDM5, and IΛCDM6, respectively.
III. METHOD AND DATA
In this work, we use a variety of cosmological data sets to constrain the phenomenological IΛCDM models and obtain the best-fit parameters and likelihoods by performing a Markov-chain Monte Carlo (MCMC) analysis with the publicly available CosmoMC [79] package.
We apply the χ 2 statistic to fit the cosmological models to the observational data. The χ 2 function is given by
where ξ obs is the experimentally measured value, ξ th is the theoretically predicted value, and σ ξ is the standard deviation of the physical quantity ξ. The total χ 2 is the sum of all χ 2 ξ , and in this paper, we perform a joint SN+CMB+BAO+H 0 fit, thus the total χ 2 can be given by
Next, we will compactly describe the observational data sets mentioned above. We employ the JLA SN data, the Planck CMB distance priors data, the BAO data and the H 0 direct measurement. It should be mentioned that, in our fit analysis, these various observations are well consistent with each other. We do not consider the cosmological perturbations in the DE models. Since the smooth dark energy affects the growth of structure only through the cosmic expansion history, different smooth dark energy models would result in almost the same growth history of structure. Even though the interaction is introduced, the effects on perturbations are small, relative to those on the expansion history. Thus, in this paper, we only consider the observational data of expansion history, i.e., those depicting the distance-redshift relations.
The SN data: We use the JLA compilation of type Ia supernova, which is from a joint analysis of type Ia supernova observations in the redshift range of z ∈ [0.001, 1.30]. It consists of 740 Ia supernovae, containing several low-redshift samples obtained from the SDSS and SNLS, and a few high-redshift samples from the HST [80] .
The CMB data: We use the "Planck distance priors" from the Planck 2015 data [81] . Note here that dark energy could affect the CMB through not only the comoving angular diameter distance at the decoupling epoch z 1100 but also the late integrated Sachs-Wolfe (ISW) effect. However, the late ISW effect cannot be at present accurately measured and we only focus on the smooth dark energy in the study, so the distance information given by the CMB distance priors is sufficient for the joint geometric constraint on dark energy. Thus, it is not necessary to use the full data of the CMB anisotropies. For an economical consideration, we decide to use the substracted information from CMB, i.e., the Planck distance priors.
The BAO data: We use the recent BAO measurements from the Main Galaxy Sample of Data Release 7 of Sloan Digital Sky Survey (SDSS-MGS) at z eff = 0.15 [82] , the six-degree-field galaxy survey (6dFGS) measurement at z eff = 0.106 [83] , and the CMASS and LOWZ samples from the Data Release 11 of the Baryon Oscillation Spectroscopic Survey (BOSS) at z eff = 0.57 and z eff = 0.32 [84] . This combination of BAO data has been used widely and proven to be in good agreement with the Planck CMB data.
The H 0 measurement: We use the measurement of the Hubble constant in the light of the cosmic distance ladder, given by Efstathiou [85] , H 0 = 70.6 ± 3.3 km s −1 Mpc −1 , which is a re-analysis of the Cepheid data of Riess et al [86] .
See also Refs. [87] [88] [89] [90] [91] [92] [93] [94] for the use of the above observational data sets.
IV. RESULTS AND DISCUSSION
We place constraints on the six IΛCDM models by performing an MCMC likelihood analysis with the current joint CMB+BAO+SN+H 0 observations. We let eight chains run independently from each other so as to check the convergence and then obtain the fitting results of the best-fit, 1σ, and 2σ values (and likelihood distributions) for the model parameters, as well as the corresponding χ Figure 1 shows the joint constraints on the six IΛCDM models in the b 0 -b e plane. We can clearly see that b 0 < 0 and b e > 0 at about the 1σ level for all the six models. The figure also explicitly shows that, for all the six models, b 0 and b e are in extremely strong anti-correlation. Actually, in the previous study [64] , the anti-correlation between b 0 and b e was revealed. But the present work shows that the degree of the anti-correlation in the current case is much higher than the previous one. From  Fig. 1 , we also find that, for all the models, it appears that b 0 and b e are in some linear relationship. We thus try to find out these linear relationships for them. Based on the likelihood contours, we can fit the equations of straight lines through the least square method using Matlab. By the calculation, we obtain the results:
• b e = −4.105b 0 + 0.038 (IΛCDM1),
• b e = −4.249b 0 + 0.093 (IΛCDM2),
• b e = −1.580b 0 + 0.025 (IΛCDM3),
• b e = −3.317b 0 + 0.031 (IΛCDM4),
• b e = −3.656b 0 + 0.076 (IΛCDM5),
• b e = −3.659b 0 + 0.075 (IΛCDM6).
In Fig. 2 , we show the posterior distribution contours (1σ and 2σ) in the Ω m -h plane. We find that, for all the models, Ω m and h are anti-correlated, as the usual case in the base ΛCDM model.
We also find that the values of χ 2 min for all the six models are almost equal (the difference can be ignored), indicating that the current observations equally favor these IΛCDM models.
From Fig. 1 , we can also see that, in the IΛCDM3 and IΛCDM4 models, the constraints on b e are slightly tighter (see also Table. I ). In particular, we find that among these six models the IΛCDM3 model is somewhat special. From the linear relationships between b 0 and b e obtained above, we find that, for the IΛCDM3 model, the absolute value of the proportionality coefficient is the smallest (the proportionality coefficient is around −1.5 for the IΛCDM3 model, and is around −3.5 ∼ −4 for other models). Thus, it can be clearly seen in Fig. 1 that the slope of the IΛCDM3 model is evidently different. In Fig. 2 , we see that, in the IΛCDM3 model, the range of H 0 is also evidently large.
In Fig. 3 , we reconstruct the evolution of b(z) according to the fit results, in which the best fit and the 1σ uncertainty are shown. Since b 0 < 0 and b e > 0 at around the 1σ level are favored by the current data, for all the models, we show in Fig. 3 that b(z) > 0 at the early times and b(z) < 0 at the late times, and during the cosmological evolution the coupling b(z) crosses the noninteracting line (b = 0), at about the 1σ level. For the IΛCDM3 model, the crossing is favored at more than 1σ level. The crossing happens at the redshift around 0.2-0.3 for almost all the models, except for the IΛCDM3 model, for which it happens at z ∼ 0.6. The investigations in the present work confirm the conclusion in Ref. [64] that the energy transfer is from DM to DE when DM dominates the universe and the energy transfer is from DE to DM when DE dominates the universe. We investigate more interaction forms and find that their results are in good accordance.
V. CONCLUSION
Using the observational data to test the phenomenological interacting dark energy scenario is a significant mission in cosmology today. So far, this issue has been addressed widely. In this paper, we wish to explore the issue whether the coupling between DE and DM would change sign during the cosmic evolution by using the current joint geometric measurement data.
In the previous work [64] , the authors put forward a running coupling scenario in which b(a) = b 0 a+b e (1−a). The investigation in Ref. [64] indicated that a timevarying vacuum scenario is favored, in which the coupling b(z) crosses the non-interacting line during the cosmic evolution. In this paper, in order to check the conclusion and complete the study in the current situation that we have more accurate observational data, we have investigated six IΛCDM models, i.e., the IΛCDM1 model with Q = b(a)H 0 ρ 0 , the IΛCDM2 model with Q = b(a)H 0 ρ de , the IΛCDM3 model with Q = b(a)H 0 ρ c , the IΛCDM4 model with Q = b(a)Hρ 0 , the IΛCDM5 model with Q = b(a)Hρ de and the IΛCDM6 model with Q = b(a)Hρ c . We place stringent constraints on the models by using the current combined data, including the JLA SN data, the Planck CMB distance priors data, the BAO data, and the H 0 direct measurement.
The results of observational constraints for these models are given in Table I and Figs. 1 and 2 . With the purpose of visually displaying the coupling b(z) crossing the non-interacting line (b = 0), we reconstructed the evolution of the coupling b(z) with 1σ uncertainties in Fig. 3 .
Our results show that, for all the IΛCDM models, we have b 0 < 0 and b e > 0 at around the 1σ level, and b 0 and b e are in extremely strong anti-correlation. Since b 0 and b e seem to be in some linear relationship, we have tried to find out these linear relationships for them. Though the IΛCDM3 model appears to be somewhat special among these models, the main conclusions for all the models are in good accordance. The reconstructed evolutions of b(z) explicitly show that the coupling changes sign during the evolution, i.e., b(z) > 0 at the early times and b(z) < 0 at the late times, indicating that the energy transfer is from DM to DE when DM dominates the universe and the energy transfer is from DE to DM when DE dominates the universe. Our results confirm the conclusion of Ref. [64] . Since in this study we have explored more models and used the latest observations, the more convincing and conclusive evidence is provided.
